Acute renal failure (ARF) is one of the most common complications of leptospirosis although the causal mechanisms are still unclear. Diverse mechanisms are implicated in leptospiral nephropathy and new data supports the role of peculiar ion transport defects. Besides antibiotic therapy, ARF management in leptospirosis requires dialytic therapy which is most efficient when started early. Dialysis is the standard supportive therapy even though recent evidence suggests clinical benefit from alternative treatments such as plasmapheresis and hemofiltration. Renal recovery is achieved soon after clinical improvement. The comprehension of the primary mechanisms of renal dysfunction will be helpful in the development of additional therapeutic tools for improving supportive therapy for leptospiral nephropathy. This review discusses new insights into mechanisms implicated in leptospiral ARF and recent advances in treatment.
Leptospirosis is a widespread zoonosis caused by pathogenic spirochetes of the Leptospira spp. genus. Most human infections are followed by asymptomatic seroconversion or undifferentiated self-limited febrile illness. It is not known which factors explain why 5-10% of all infections present as severe forms requiring hospitalization. Annual incidence of clinical disease is estimated at 10-100 per 100,000 in tropical settings and 0.1-1.0 per 100,000 in temperate regions [1] . In the Sao Paulo metropolitan area, Brazil, the annual incidence of leptospirosis ranged from 1.7 to 2.7 cases per 100,000 inhabitants during the period of 2004-2006 with a fatality rate of 11%-18% [2] . Leptospires colonize renal tubules of a diverse array of mammalian reservoirs which explains the occurrence of leptospirosis in different contexts such as urban outbreaks after floods (due to rat infestation), rural disease in Southeast Asia (transmitted by field mice) and as an occupational disease for those who deal with farm and domestic animals. More recently, leptospirosis reemerged in developed countries associated with water sports or recreational exposure at lakes or canals [3, 4] . Human infection occurs after contact with water or soil contaminated by the urine of reservoirs.
Severe forms follow two main patterns: the Weil´s triad (acute renal failure, hemorrhagic diathesis and jaundice) or severe pulmonary hemorrhagic syndrome (SPHS). In the Brazilian experience, those forms may present as isolated clinical pictures, for instance, pure Weil's triad which is the typical presentation of leptospirosis in Salvador, Brazil [5] while, in Sao Paulo, most cases of lethal leptospirosis are a combination of both SPHS and Weil´s triad [2] . It is still unclear why renal failure predominates as the major cause of death in some places while pulmonary hemorrhages cause most deaths in others since the most common infecting genomospecies/ serovar is the same in Salvador and São Paulo (Leptospira interrogans serovar Copenhageni) [6, 7] . A recent molecular epidemiological study from India suggested that distinct genotype profiles among strains within the same serovar may explain different presentations including pulmonary hemorrhage [8] .
Renal involvement in leptospirosis frequently presents as a peculiar picture of hypokalemia and a non-oliguric state. In the last decade, a body of literature has been published supporting distinct mechanisms in the pathophysiology of leptospiral renal disease. Meanwhile, new strategies in supportive care have been suggested. The present work reviews new insights into mechanisms and treatment of acute renal failure (ARF) in leptospirosis.
Clinical Features
ARF occurs in 16-40% of human infections with severe symptoms and presentation may range from isolated proteinuria to severe anuric ARF [3, 9, 10] . Non-oliguric forms have better prognosis and oliguria and hyperkalemia have been identified as predictors of a lethal outcome [6, 11, 12] .
Renal failure due to leptospirosis commonly presents as a non-oliguric and a hypokalemic state. Low potassium levels may be detected in 41%-45% of all patients with leptospirosis associated ARF [11, 13] . A wasting sodium and potassium defect has been consistently documented by different groups [13] [14] [15] . Interestingly, full renal recovery is the rule within two weeks after clinical improvement but an impaired capacity to concentrate urine osmolarity may last for up to 6 months [16] .
Pathology
Renal leptospirosis is usually described as a combination of acute tubular damage and interstitial nephritis. It is not clear, however, whether each lesion is a primary or secondary feature. In a classical description of 33 necropsies, Arean described lesions that ranged in nature and severity as a function of duration of symptoms. Those patients dying within one week of illness exhibited acute tubular lesions such as cellular swelling. Those dying between 2-3 weeks of illness presented interstitial edema and acute tubular necrosis (ATN) while those dying after three weeks of symptoms exhibited a diffuse and severe interstitial nephritis [17] . These findings suggest that inflammation is most probably a secondary feature following acute epithelial damage and is observed in patients who survive long enough to develop it. This association between tubular and inflammatory lesions and early/late infection can be easily demonstrated in the hamster model [18] . ATN was recently reported as a usual feature in human necropsies being detected in 13/15 patients from Moldova [15] . It may reflect a direct toxic effect of leptospiral compounds on tubular epithelial cells or indirect effects of dehydration, hypovolemia and ischemia due to ionic wasting defects and the inability to concentrate urine. In animal experimental models, dense colonization by leptospirosis in reservoirs does not result in damage to epithelial cells in direct contact with spirochetes [19] . Thus, any explanation based on toxicity is clouded by our lack of understanding on why the presence of leptospires may cause severe disease or no histopathology in different hosts.
On morphological grounds, it is difficult to address which is the most or first affected nephron segment in leptospirosis. Most works describes a widespread involvement. In an experimental attempt to identify early lesions, distal tubules presented damage before other segments [20] while in human necropsies distal tubules and the ascending limb have been described to be the most severely involved segments [17] . In contrast, other results from human and experimental studies have also reported the most severe lesions to be in proximal segments [21, 22] . Again, secondary ischemic changes may be superposed with primary lesions directly attributable to leptospires.
Proposed Specific Transport Defects in Tubular Epithelial Cells
An impaired function of proximal segments was suggested by perfusion studies using microdissected nephrons from guinea pigs. This was based on the observation of a sodium wasting defect paralleling preserved ascending limb function [14] . More recently, two experimental studies in hamster models reported down regulation of the proximal tubule type III Na + / H + exchanger during acute infection [18, 23] .
On the other hand, Lin et al. reported a case of Leptospira interrogans serovar Shermani infection from Taiwan with detailed clearance tests. The authors interpreted the absence of glycosuria and of urate and phosphate wasting as evidence of intact proximal tubule function. On the other hand, chloride and osmolar clearances remained unchanged after furosemide infusion [24] . A subsequent study of three patients infected by the same serovar confirmed the clearance tests suggestive of impaired function of the NA, K, 2Cl -cotransporter (NKCC2) of the thick ascending limb (TAL). Such inhibition affects medullar hypertonicity which may induce a defective response to vasopressin. Moreover, the authors demonstrated that protein extracts from the outer membrane of Leptospira santarosai serovar Shermani induced suppression of NKCC2 gene transcription in murine TAL cells [25] . It remains to be clarified whether such findings are reproducible in larger series and whether this is a typical manifestation of serovar Shermani or is shared by all pathogenic leptospires. In an experimental assay to study the role of antibiotics on reversal of tubular transporter defects, the infection by serovar Copenhageni induced both loss of expression of NHE3 in the proximal tubule as well as loss of NKCC2 in TAL which could be prevented by the use of ampicillin in the late stage of infection [18] .
Surprisingly, there are few works on clearance tests and detailed characterization of tubular defects of leptospirosis. Such evaluation should be stimulated worldwide in order to expand our comprehension of the exact transport defects in leptospirosis.
Inhibition of Na + /K + ATPase has been explored as a possible mechanism of tubular defects in leptospirosis. The Na + /K + pump is the primary source of the sodium gradient which is the driving force that allows potassium reabsorption in proximal tubules and TAL. Glycolipoprotein (GLP) extracts of leptospires inhibit purified Na + /K + ATPase from rabbit brain and kidneys as well as renal Na + /K + ATPase from rats, a model of resistance to clinical disease [26] . Microdissection studies detected the inhibitory potential of a standard dose of 350mg of leptospiral GLP along all nephron segments. Convoluted proximal tubules, TAL and distal tubules were the most sensitive to GLP effects and TAL cells may be inhibited by smaller amounts of GLP [26] . This inhibitory effect was postulated to be a primary defect in leptospirosis which could lead to secondary disturbances such as potassium wasting. This effect can be reproduced with fatty acid extracts from leptospiral membranes. Some nonesterified unsaturated fatty acids (NEUFAs) are well established inhibitors of Na + /K + ATPase. Indeed, oleic and palmitoleic acids from the leptospiral membrane reproduce such effects [27] .
More recently, serum levels of NEUFAs were associated with laboratorial markers of clinical severity in leptospirosis such as creatinine and bilirubin [28] . Although the authors suggest that leptospires may be the primary source of NEUFAs during acute leptospiral infection, it is not clear whether this association reflects toxic effects of leptospires or merely represents the release of NEUFAs by severely affected tissues during an acute disease. The association between NEUFAs and disease severity has also been described in other conditions such as sepsis, trauma and pancreatitis.
All those hypotheses implicating direct effects of leptospires on tubular transporters have a major limitation, that is, their inability to explain why rats or other chronic reservoirs may persist with dense colonization in proximal tubular lumens without any functional impairment. In the case of Na + /K + ATPase inhibition, rat transporters are also susceptible to GLP effects in microdissection studies. Thus, this single mechanism is not able to explain why the outcomes of infection are different in distinct hosts.
Role of Pro-Inflammatory Mediators
Both Toll-like receptors (TLRs) 2 and 4 are constitutively expressed in proximal tubular cells. They are key receptors of innate immunity and potent inducers of the pro-inflammatory response. TLR2 is the major receptor for leptospiral lipopolysaccharides (LPS) [29] while TLR4 recognizes other leptospiral compounds and is implicated in the in vivo control of infection [30] . Exposure of murine proximal tubular cells to outer membrane protein extracts from Leptospira santarosai serovar Shermani results in increased expression of proinflammatory genes by activation of the TLR2 signaling pathway [31] . In vitro studies have already reported activation of a broad range of inflammatory genes such as transcriptional factor NF-êB, inducible nitric oxide synthase (iNOS), monocyte chemotactic protein-1, and tumor necrosis factor a [31] [32] [33] .
These findings have been postulated to be associated with renal disease as a molecular trigger for interstitial nephritis. Such a connection is hampered by the observation that renal inflammation seems to be a late feature of leptospirosis (discussed above). Furthermore, the impairment in renal function is not associated with the degree of interstitial nephritis in the guinea pig model [22] . In addition, these works use murine cells and it is impossible to predict how these findings mirror the human disease. Interstitial nephritis has not been systematically studied in the mouse model and, indeed, mice are not regarded as an ideal model of experimental leptospirosis since susceptibility or resistance to disease is largely influenced by mouse strain, age, nutritional status and bacterial inoculum [34] . The small amount of data on susceptibility to renal inflammation in mice suggests that there are considerable variations among different mouse strains [35] .
On the other hand, in vivo release of pro-inflammatory cytokines may be related to effects other than interstitial nephritis. The observation of increased expression of iNOS in tubular cells after exposure to leptospiral proteins in vitro is of relevance since nitric oxide (NO) is an physiological inhibitor of NKCC2, a postulated target of leptospiral toxins [36] . In the single clinical study evaluation of NO levels in severe leptospirosis, there was a positive correlation between serum NO levels and creatinine [37] .
Treatment -The Role of Antibiotics
The medical literature has no objective data supporting the role of antibiotics in reducing case fatality in leptospirosis. This is probably due to limitations of former trials such as absence of severe involvement [38, 39] or underpowered studies due to small samples [40] . A clinical trial in Salvador, Brazil, enrolled 253 patients with late infection (more than 4 days of symptoms) and observed higher mortality in the penicillin treated group (12%) when compared to the placebo (6%). Potential adverse effects of treatment, including JarischHerxheimer reaction, were highlighted based on those results but any conclusion may be premature since the observed difference was not significant. The most relevant comparison between penicillin and placebo trials is the observation that treated patients have a shortened period of fever, renal dysfunction and hospitalization [38] . Although there is a consensus that antimicrobial therapy has a major benefit if started within the first 4-5 days of symptoms, the World Health Organization states that most clinicians will treat patients regardless of the period of illness [1] .
There is a general belief that after the onset of severe complications such as ARF and SPHS, antimicrobial therapy is unable to improve prognosis and survival depends on adequate supportive therapy. We recently described evidence that, even in late disease, ampicillin may reverse loss of expression of renal transporters (NHE3 and NKCC2) in the hamster model [18] .
Recent studies on antimicrobial therapy have focused on the comparison of other antibiotics with standard penicillin therapy. Such evaluations have already been made for ceftriaxone, doxycycline, and cefotaxime [41, 42] indicating that all three are effective for severe acute disease. It seems that, from now on, the medical community will probably consider the use of a placebo group in clinical trials of antibiotic therapy in leptospirosis unethical [43] .
Treatment -Supportive Therapy and Dialysis
ARF has been the major cause of death in leptospirosis for a century while in some parts of the world the emergence of SPHS increased the rate of deaths due to pulmonary hemorrhage. Peritoneal dialysis is largely used for the supportive care of leptospirosis-associated ARF worldwide. Recently, a study from Vietnam provided evidence that hemodialysis is superior to peritoneal dialysis in patients with infection-associated ARF (sepsis and malaria) with a higher rate of resolution of acidosis and a faster decline of plasma creatinine levels. In this trial, peritoneal dialysis was associated with more lethal outcomes (47% x 15%) and the requirement of more dialytic sessions (70% x 37%) [44] . This study was indeed interrupted early due to the magnitude of the differences observed between both groups and suggested that hemodialysis should be the therapy of choice for infectionassociated ARF.
Such conclusions were not accepted by all the scientific community. Some authors highlighted that the method of peritoneal dialysis was probably suboptimal including the choice of rigid catheter, the use of acetate-based replacement fluid, and short dwell time [45, 46] . The lack of adjustment for severity of illness and other interventions were also emphasized as potential biases of this study [47] .
A recent review of the experience of leptospirosisassociated ARF in Thailand showed that blood exchange therapies (hemodialysis, hemofiltration) were associated with lower mortality (0 x 10%), shorter recovery time (8 x 16 days) and faster reduction in serum levels of bilirubin, urea and creatinine when compared to standard peritoneal dialysis [48] . It should be noted, however, that there is no data from randomized clinical trials evaluating different methods of renalreplacement therapy in patients with leptospirosis.
In Emílio Ribas Hospital's (São Paulo) experience, hemodialysis is the supportive treatment of choice for leptospirosis. A recent comparison was made of the conventional dialysis strategy and sustained low-efficiency dialysis (SLED). In this study a first group was composed of patients who were submitted to dialysis later and realized sessions on alternated days (n=15). A second group had promptly initiated treatment and were submitted to dialysis daily (n=18). Conventional hemodialysis (HD) lasted 3 or 4 hours while SLED sessions lasted 6 to 10 hours. As expected, patients from the second group presented serum levels of urea significantly lower than those of the first group (107 ± 8.2 mg/dL vs. 153 ± 12.4 mg/dL,) and therefore required fewer sessions (13 ± 1.7 vs. 5.2 ± 1.7). There was no difference in time to recover renal function but death was a more common outcome in the first group (67% x 17%). Patients of the second group who recovered also required shorter intervals of intensive care and hospital stay [49] . These data highlight the benefits of dialysis when promptly introduced and performed with longer sessions.
Clinical management also includes vigorous rehydration and special attention to ionic imbalance. Hyperkalemia occurs in severe diseases associated with oliguric forms. In such cases, furosemide is indicated in order to convert it to nonoliguric ARF [50] .
Conclusions
New insights into the pathophysiology and treatment of leptospirois-associated ARF have been published in recent years. A review of classical data and new observations highlights the importance of specific transport defects on renal tubules, which is still under investigation. Interstitial nephritis does not seem to be a primary lesion and works linking in vitro release of cytokines to in vivo disease should be treated with skepticism. Recent observation suggests benefit from blood exchange methods when compared to peritoneal dialysis even though more studies are needed, especially trials comparing different approaches such as hemodialysis, or continuous veno-venous hemofiltration.
